Abstract The present work investigates the corrosion and wear performance of titanium (Ti6Al4V) and cobalt chromium molybdenum (Co28Cr6Mo) alloys when coated with dicationic imidazolium-based ionic liquids (ILs). As novel, multi-functional compounds, ILs were assessed in terms of coating stability and ability to enhance corrosion resistance and mitigate wear. The IL with the amino acid, phenylalanine, as the anionic moiety was found to maintain stable coatings on both alloy surfaces in phosphate buffered saline (PBS) at 37°C which lowered corrosion rates in comparison to control specimens. However, ILs with bis(trifluoromethylsulfonyl)imide (NTf 2 ) as the anion were found to form unstable coatings on both alloy surfaces that eventually dissolved into PBS, resulting in corrosion behavior similar to or worse than that exhibited by control specimens. Although all IL-coated alloy surfaces exhibited lower coefficient of friction (COF) values and smaller wear scars relative to control specimens lubricated with PBS, the IL with phenylalanine occasionally underwent coating exhaustion and was slower to reach stable COF values. Overall, the anionic moiety and alkyl chain length of an IL were observed as key properties that influence adsorption onto a given substrate which in turn influence its performance as an anti-corrosive agent and lubricant. This study highlights the need for careful selection of ILs based on their chemical structure and nature of the coating substrate (i.e., surface functional groups) in order to form protective films on biomedical alloys that can improve their corrosion and wear resistance.
Introduction
Biomedical alloys have been widely employed in various implantable devices including dental implants, total joint replacements, cardiovascular stents, pacemakers, and bone fracture fixation devices which all require excellent corrosion resistance [1] . Corrosion resistance can be defined as the ability of a material, usually a metal, to resist chemical degradation due to reactions occurring on its surface which depend on a multitude of factors such as pH, temperature, and nature of the chemical species in the surrounding environment [2] . In air and aqueous environments where oxygen is present, common biomedical alloys like titanium and cobalt chromium exhibit excellent corrosion resistance due to the spontaneous formation of titanium oxide [3] (TiO 2 ) and chromium oxide [4] (Cr 2 O 3 ) on their surfaces, respectively. Passive oxide layer formation is the result of a dynamic electrochemical equilibrium process between oxidation and reduction reactions occurring on the metal surface [5] . This passive layer impedes corrosion, preventing dissolution of metal ions and shielding the bulk metal from the surrounding environment [5] .
Although these metal oxide layers are formed and can readily be restored under normal circumstances, in vivo conditions can not only damage the oxide layer but prevent its reformation [6, 7] . For instance, micromotion can occur between the contacting surfaces of the modular components of an implant as a result of applied cyclical loading, which can mechanically wear away the oxide layer in a mechanism known as fretting corrosion [8] . Furthermore, the formation of crevices between these modular components can result in localized corrosion attack due to stagnant fluid accumulation resulting in oxygen depletion and generation of acidic conditions [9] . Additionally, biological factors such as the host tissue response mediated by inflammatory cells or bacterial biofilm formation surrounding implant surfaces are capable of enhancing corrosion processes in vivo [6, 10] . The combination of mechanical damage and corrosion results in accelerated and often permanent damage to the oxide layer [11] , resulting in increased levels of metal ion dissolution [12] . Metal ions released from the metallic surface of an implant can accumulate in surrounding tissues [13] which has been associated with an array of problems ranging from prolonged inflammation [14] and allergic reactions [15] to severe tissue necrosis [16] , osteolysis [16, 17] , and even pseudotumor formation [18] .
Surface treatments currently employed attempt to minimize corrosion and wear of metallic alloys either by controlling the thickness and uniformity of the passive oxide layer (electropolishing and anodic oxidation) or by depositing solid, thin film coatings. For example, titanium nitride (TiN) and aluminum nitride (AlN) coatings have been shown to mitigate metal ion release and wear damage for titanium and cobalt chromium alloys [3, 19] . Despite the improved corrosion and wear behavior, these surface coatings have been observed to undergo failure under in vitro testing and in vivo conditions due to delamination and cracking [3, 20] . Similarly, other surface treatments aimed at improving the corrosion and wear behavior fail once the integrity of the coating or oxide layer has been compromised. In certain situations, coating delamination can create wear particles, which can participate in the wear process (third body wear mechanism) and perform even more poorly than non-coated surfaces [20] .
Recently, a new class of compounds called ionic liquids (ILs) is being investigated as corrosion inhibitors and lubricants for metals and their alloys. ILs are a class of chemical compounds that are essentially salts (composed of cationic and anionic moieties) existing in the liquid phase at temperatures below 100°C [21] . Due to their chemical structure, ILs exhibit a unique set of properties under ambient environmental conditions including relatively low melting points over a wide range of temperatures, high thermal stability, high viscosity, negligible vapor pressure, and a wide electrochemical window meaning that ILs can undergo a relatively large amount of applied electrochemical potential before becoming oxidized or reduced [21] . Furthermore, ILs can be fine-tuned to possess specific properties through strategic design of their chemical structure and functional groups of the constituent moieties. Selected IL formulations have been found to act as corrosion inhibitors for aluminum, steel, and titanium surfaces [22] [23] [24] . Due to their net electrical charge and functional groups, ILs are capable of remaining attached to the surface. Furthermore, ILs have demonstrated excellent lubricant activity for articulating titanium-steel, steel-steel, and aluminum-steel surfaces [23, 25, 26] . In particular, it was shown that selected IL formulations reacted with steel surfaces under tribological testing, forming protective tribofilms that reduced friction during articulation [25] .
As part of our current efforts to develop multi-functional ILs to be applied as coatings for metallic implant surfaces, we demonstrated how dicationic imidazolium-based ILs can be designed to exhibit antimicrobial activity while maintaining minimal toxicity against mammalian cells [27, 28] . Moreover, ILs with amino acid-based anionic moieties were shown to have relatively high affinity for commercially pure titanium surfaces, resulting in the formation of stable film coatings which served as both efficient corrosion inhibitors and lubricants [27, 29, 30] . Continuing this work, we sought to characterize the ability of three selected dicationic imidazolium-based ILs (Table 1) to improve the corrosion and wear performance of two common biomedical alloys. Due to their relatively high hydrophobicity, we hypothesized that the selected ILs would exhibit stable coatings and hence improve corrosion behavior in aqueous environments in addition to forming lubricating films that separate contacting surfaces and hence lower wear generation.
Materials and Methods

Materials
, and 1,10-bis(3-methylimidazolium-1-yl)decane diphenylalanine (IL3) were synthesized (Table 1) via metathesis reactions (IL1 and IL2) and the Fukumoto method (IL3) using protocols previously established in the literature [28, 31] . ILs were characterized using 1 H and 13 C nuclear magnetic resonance (NMR) and mass spectroscopy with results in accordance with the literature [28, 32] .
Sample Preparation
Disk-shaped specimens (11 mm in diameter) of cold-worked, grade 5 titanium-6aluminum-4vanadium (Ti6Al4V) and high nitrogen, low carbon, wrought cobalt-28chromium-6molyb-denum (Co28Cr6Mo) manufactured per ASTM B348-13 and ASTM F1537-11, respectively, were used in this study. The specimen cross-sectional areas were rough-polished sequentially using 240, 360, 600, 800, and 1200 grit SiC paper and then fine-polished using 1-lm polycrystalline diamond followed by 0.05-lm nanometer alumina on a polisher mounted with an automated polishing head (NANO 1000T and FEMTO 1100, Pace Technologies). Specimens were then cleaned by ultrasonication while sequentially immersed for 15 min in acetone, deionized water, and ethanol. Specimens were then dried in an oven for 24 h at 60°C. For electrochemical testing, alligator clips were used to establish an electrical connection with the specimen and then covered with electrical tape to isolate it. Two layers of an insulation coating (Miccrostop, Tolber Chemical Division) were then applied over the edges and lateral surface area of the specimens in order to only expose the polished surface area to the electrolyte. These specimens were then left to dry in an oven at 60°C for 24 h to ensure complete drying of the insulation coating. As for those undergoing tribological testing, specimens were centered and mounted onto 40-mm stainless steel plates with the polished surface area upright using epoxy and left to cure for 24 h at room temperature (about 21°C) to ensure adhesion to the mounting plates.
IL Coating Procedure
IL coating was applied via a drop casting technique where 5 lL of IL ethanolic solutions (40 mM) was pipetted onto the polished surface area and allowed to dry for 15 min. This step was repeated ten times, with a total of 2 lmol of IL being coated per specimen. All specimens (including control) were dried for 48 h at 60°C before further testing (with the exception of IL1-and IL2-coated specimens due to observed mixing of these ILs with the insulation coating).
Evaluation of IL Coating Stability
Static immersion testing of IL-coated specimens (n = 3) was performed to assess the relative coating stability by measuring the IL release concentration into 5 mL of 19 phosphate buffered saline (PBS) in capped glass vials (to minimize evaporation) at 37°C over a period of 7 days. 10 lL aliquots of the sample media was taken after 1 h, 1, 3, 5, and 7 days of immersion and diluted with 10 lL of PBS for IL3 and 10 lL of ethanol for IL1 and IL2 (due to their low solubility in aqueous media). Peak absorbance readings of the diluted aliquots were taken using an ultraviolet-visible spectrophotometer (NanoDrop 2000c, Thermo Scientific) and correlated to IL concentration in PBS using previously established calibration curves (Figs. S1-S3). Readings taken after 1 h corresponded to the electrochemical testing time scale. Specimen images were taken using an optical microscope (VHX-2000 Digital Microscope, Keyence) before and after 7 days of immersion testing to qualitatively assess IL coating morphology.
Electrochemical Testing
Electrochemical testing of specimens (n = 6) was performed using a potentiostat (Interface 1000, Gamry Instruments) and a standard three-electrode electrochemical cell setup per ASTM F2129-15. The specimen being tested was the working electrode; the reference electrode was a saturated calomel electrode (SCE); the counter electrode was a graphite rod, and the electrolyte was PBS at 37°C under naturally aerated conditions. Prior to testing, parafilm was wrapped over the electrical tape to prevent condensation and possible fluid contact with the alligator clip. During testing, the open-circuit potential (OCP) was monitored first for 1 h to ensure electrochemical equilibrium was sufficiently achieved, and the final value was recorded as the OCP. Next, linear polarization resistance measurements were conducted within ±10 mV of OCP at a scan rate of 0.1667 mV/s based on ASTM G59-05. Afterward, anodic Tafel plots were obtained for the same specimen by polarizing the sample from OCP to 250 mV above OCP at a scan rate of 1 mV/s in the anodic direction. The corrosion potential (E corr ) measured from the Tafel plots was determined to be similar in value (±2 mV) to the OCP which ensured that no samples were significantly changed during polarization resistance measurements. The anodic Tafel constant (b a ) and corrosion current density (i corr ) were then extrapolated from the linear region of the anodic Tafel plots (using b a in place of the cathodic Tafel constant, b c ). Based on i corr , the corrosion rate (CR) was calculated per ASTM G102-89. IL corrosion inhibition was quantified by calculating inhibition efficiency (IE) according to Eq. 1:
Tribological Testing
A ball-on-disk tribological setup was employed under room temperature (about 21°C) and laboratory air conditions using a hybrid rheometer (DHR-3, TA Instruments) per ASTM G99-05 and ASTM G133-05. Due to the poor wear resistance of Ti6Al4V, especially under dry testing conditions [33] , Ti6Al4V balls were made to articulate against Ti6Al4V disk specimens while stainless steel balls slid against Co28Cr6Mo disk specimens. During testing (n = 3), the metal ball slid in a circular, continuous sliding motion against the flat specimen surface at a speed of 5 cm/ s under an applied axial load of 5 or 10 N for 1000 s (50 m sliding distance), which corresponded to maximum elastic contact stresses of about 463 MPa and 584 MPa, respectively, while the coefficient of friction (COF) was recorded at a sampling frequency of 1 Hz. Control specimens were lubricated with 50 lL of PBS. Afterward, specimens were carefully removed and cleaned with acetone to remove residual IL coating and wear debris before further analysis. The total wear volume loss was quantified by averaging 6 individual wear track width measurements using optical microscopy based on Eqs. 2-4 provided in ASTM G99-05:
The wear track radius R was fixed at 1.25 mm; the diameter of the spherical pin or ball is d; the wear track width measured from the wear scar on the disk (and assumed to be the same as that of the wear scar on the ball) is r; and the maximum height or depth of the wear scar is h.
One sample of each test condition that underwent tribological testing under 10 N was selected and wiped clean using ethanol in order to study the chemical composition with a PHI 5000 Versa Probe II X-ray Photoelectron Spectrometer with an Al Ka (1486.7 eV) X-ray source. The vacuum chamber was maintained at about 10 -8 Torr throughout testing; the pass energy was fixed at 187.5/ 23.5 eV with a step size of 0.8/0.2 eV during the survey/ elemental scans. Based on the manufacturer's specifications, the detection accuracy was within ±0.1 eV. Data analysis was performed using CasaXPS 2.3.17 software (RBD Instruments, Inc.). Per our previous study [30] , energy calibration of XPS spectra was performed by setting the carbon C1s peak to 285.0 eV.
Statistical Analysis
One-way ANOVA followed by post hoc Tukey's test was employed to detect any significant differences between mean values of the measured parameters (a = 0.05). Levene's test was used to detect any significant differences between the variances of the parameters being studied.
Results
Coating Stability
Coating morphology of IL-coated Ti6Al4V and Co28Cr6Mo (with applied red insulation coating) before and after immersion testing is shown in Fig. 1 . All IL coatings exhibited heterogeneity; IL1 coating exhibited the most heterogeneity with significant clumping (Fig. 1b, i ) followed by IL2 with smaller bead-shaped aggregates than IL1 (Fig. 1c, j) and then IL3 (Fig. 1d, k) . After 7 days of immersion in PBS at 37°C, specimens previously coated with IL ( Fig. 1e-g , l-n) only had precipitates on their surface which crystallized after drying. However, a goldlike hue characteristic of IL3 was still present on the surfaces coated with IL3. The release profile of IL in PBS at 37°C over a period of 7 days is shown in Fig. 2 (release concentration in Fig. S4 ). IL2-coated specimens initially had the lowest average amount of release (about 20 %) after 1 h on Ti6Al4V and Co28Cr6Mo, followed by IL1 (about 30-40 %) and IL3 (about 70-80 %). However, after 24 h of immersion and thereafter, about 100, 90-95, and 75-85 % of IL1, IL2, and IL3 coatings, respectively, had been released on both Ti6Al4V and Co28Cr6Mo.
Corrosion Behavior
All IL-coated Ti6Al4V displayed significantly lower E corr values in comparison to control (p \ 0.05) while IL-coated Co28Cr6Mo did not (Fig. 3a) . OCP (E corr ) values tended to increase with time as they became less negative (Figs. S5,  S6 ). Based on the linear polarization curves (Figs. S7, S8), no significant differences in R p values measurements were observed for control and IL-coated Ti6Al4V (Fig. 3b) . However, IL2 on average lowered the R p relative to noncoated control while IL3 increased it such that a significant difference was observed (p \ 0.05) between IL2 and IL3. As for IL1, R p values were similar to that of control Ti6Al4V. Like the E corr values, no significant differences were observed between R p measurements for Co28Cr6Mo (p [ 0.05). However, IL3 coating had the highest average value on Co28Cr6Mo, followed by control, IL2, and IL1. As confirmed in other studies, the corrosion resistance of Ti6Al4V was on average higher than that of Co28Cr6Mo [34, 35] . Using anodic Tafel plots (Figs. S9, S10), IL2-coated Ti6Al4V had significantly higher corrosion rates (p \ 0.05) in comparison to control, IL1, and IL3 (Fig. 3c) . Fig. 1 Images of non-coated control, IL1-, IL2-, and IL3-coated Ti6Al4V (a-d) and Co28Cr6Mo (h-k) before and after (e-g, l-n) 7 days of static immersion in PBS. Note the significant aggregation of IL1, IL2, and IL3 (red, yellow, and blue arrows, respectively) and the opaque white substance (black arrows) on the surface that is precipitated salt from the immersion media (Color figure online) Fig. 2 Percentage of IL released from the specimen surface into PBS relative to total amount of IL initially coated on disk. ''*'' denotes a significance level of p \ 0.05 (Color figure online) On the other hand, no significant differences were observed between the control and IL-coated Co28Cr6Mo (p [ 0.05).
Inhibition efficiency (IE) calculations showed that IL3 coating inhibited corrosion to the greatest extent for Ti6Al4V ( Table 2) . On the other hand, IL1 coating only slightly inhibited corrosion on Ti6Al4V while IL2 coating actually exhibited negative IE, meaning that it actually promoted corrosion of Ti6Al4V, and had a significantly lower b a (p \ 0.01). Although no significant differences were observed among IE for Co28Cr6Mo (p [ 0.05), IL3 coating again exhibited the highest average IE and had a significantly higher b a (p \ 0.001) while IL2 coating was only slightly inhibitory. In contrast, IL1-coated Co28Cr6Mo presented moderate corrosion activator behavior.
Tribological Testing
Images of the wear scars generated after tribological testing are shown in Fig. 4 . In general, Co28Cr6Mo specimens clearly exhibited thinner wear scars in comparison to corresponding Ti6Al4V specimens. Also, all samples previously coated with IL displayed much thinner wear scars in comparison to their respective controls lubricated with only PBS at both 5 and 10 N, with the exception of two IL3-coated Ti6Al4V (Fig. 4d, h ).
For Ti6Al4V, COF values of control, PBS-lubricated specimens were maintained at a value of about 0.3 during testing at both 5 and 10 N (Fig. 5a, b) . In contrast, IL1-and IL2-coated Ti6Al4V initially exhibited similar COF values that drastically decreased and stabilized at a value of about 0.1 with the exception of a few short-burst increases or ''spikes'' in the COF. Although IL3-coated Ti6Al4V also approached this stable value, the time to reach it was considerably longer, especially when a 5 N load was applied. In contrast, all IL-coated Co28Cr6Mo exhibited lower COF (about 0.1) relative to PBS-lubricated ones at both 5 and 10 N (Fig. 5c, d) .
Overall, COF values were significantly lower (p \ 0.05) for IL-coated samples in comparison to PBS-lubricated ones, with the exception of the IL3-coated Ti6Al4V specimens under an applied axial load of 10 N (Fig. 6) . Correspondingly, total wear volume losses for IL-coated specimens were significantly reduced (p \ 0.05) in comparison to control (Fig. 7) and were especially lower (an order of magnitude) for Co28Cr6Mo (Fig. 7b) .
XPS results showed that the chemical environment of the constituent elements was similar for both the control and wear scar regions. For Ti6Al4V, the Ti2p 3/2 peak was located at a binding energy (BE) of 458.6 eV (Fig. 8a) while the Ti2p 1/2 peak was located at 464.3 eV, which is characteristic of titanium in its native oxide state (Ti 4? , TiO 2 ) [36, 37] . Correspondingly, the BE of oxygen based on the O1s spectra (Fig. 8b) was located at 530.0 eV, which is typical for oxygen present in TiO 2 [36] . A second, lower intensity peak for oxygen was located at 531.1 eV and is attributed to hydroxyl groups typically found on the outermost layer of hydrated titanium surfaces. Other peak components located in the higher BE tail of the O1s spectra are associated with adventitious carbon species, which contaminate the surface upon exposure to air [36] . Aluminum in its oxide form (Al 2 O 3 ) comprised about 6 % of the surface in accordance with its stoichiometric ratio in Ti6Al4V. Other trace elements detected were calcium, nitrogen, and silicon; phosphorus was also detected for Ti6Al4V exposed to PBS, suggesting the incorporation of calcium phosphate, Ca 3 (PO) 4 , into the oxide layer as seen in previous studies [38, 39] .
Like Ti6Al4V, the chemical composition of Co28Cr6Mo did not vary across all samples. On Co28Cr6Mo, only primary alloy constituent elementscobalt (Co), chromium (Cr), and molybdenum (Mo)-were detected along with oxygen and carbon (Fig. 9) at BEs established in the literature [4, 40, 41] along with no other trace elements. Based on the Cr2p 3/2 peak, Cr was found to be present in both its native oxide (Cr 2 O 3 ) and hydrated (Cr(OH) 3 ) forms (Fig. 9a ) in addition to bulk Cr metal. In contrast, the Co2p spectra revealed Co present only in its metallic state (Fig. 9b) . Low intensity yet broadened Mo3d 5/2 and Mo3d 3/2 spectra indicated the presence of molybdenum oxide (MoO 3 ) and metallic Mo (Fig. 9c) . The BEs of the O1s spectral components indicated the presence of metal oxide, hydroxide, and adventitious carbon contamination (Fig. 9d) . Most of the carbon present was due to contamination although a small peak at the lower BE tail indicated the presence of metal carbides present in the bulk. 
Discussion
The goal of this study was to investigate the corrosion behavior and wear performance of two common biomedical alloys-Ti6Al4V and Co28Cr6Mo-coated with three selected IL formulations. In previous studies, the selected ILs, dicationic imidazolium-based ILs with phenylalanine and bis(trifluoromethylsulfonyl)imide (NTf 2 ) as the anionic moieties, were shown to interact and form coatings on commercially pure titanium (cpTi) surfaces [27, 30] . Also, IL3 (phenylalanine) was previously shown to form stable coatings on cpTi when immersed in PBS and artificial saliva at room temperature that increased corrosion resistance and reduced wear generation [27, 29] . In general, IL release from Ti6Al4V and Co28Cr6Mo surfaces into PBS was found to stabilize after 24 h of immersion as no significant differences in amount released were observed after one day as shown in Fig. 2 (p [ 0.05) . Similarly, the release profile for each IL was found to not significantly differ between Ti6Al4V and Co28Cr6Mo (p [ 0.05). Although IL1 and IL2 coatings initially had lower release amounts after 1 h, the coatings were nearly entirely dissolved into solution by 24 h and all time points thereafter. As corrosion testing was performed after specimens were immersed for 1 h, any observed trends in corrosion behavior of IL1 and IL2 coatings would only be temporary since these coatings were shown to be unstable in PBS. In contrast, IL3 release into PBS (about 80 %) stabilized after the first hour of immersion, suggesting that a stable film immediately formed and that any improvement in corrosion behavior would continue to be observed beyond the first hour of immersion.
The trends observed in IL coating release profile appeared to correlate well with the level of heterogeneity observed in IL coating (Fig. 1) . IL1 exhibited significant beading and clumping on both Ti6Al4V and Co28Cr6Mo (Fig. 1b, i) , suggesting minimal interaction between this IL and the alloy surfaces which resulted in an unstable IL film. Similarly, clumping of IL also appeared on IL2-coated specimens (Fig. 1c, j) . Similarly, the release profile of IL2 coating demonstrated that it was also unstable on Ti6Al4V and Co28Cr6Mo surfaces despite having aggregates smaller than IL1 (Fig. 1c, j) . In contrast, a brownish-yellow discoloration characteristic of IL3 present across the entire specimen surface area demonstrated strong interaction with Ti6Al4V and Co28Cr6Mo (Fig. 1d, k) and hence stable IL film formation. Although some amount of IL clumping is observed, this is due to coating with excess IL which saturated the surface, leaving some IL free to aggregate on the surface. After immersion testing, IL1- (Fig. 1e, l) and IL2-coated (Fig. 1f, m) samples appeared to have lost most of their coating, and crystallized salts are assumed to be present on its surface after evaporation of the immersion media. On the other hand, IL3-coated specimens (Fig. 1g , n) only exhibited salt precipitates near its edges with the remaining surface appearing to show a brownish-yellow discoloration typical of IL3.
E corr measurements (Fig. 3a) allowed for probing of the thermodynamic stability of IL coatings on Ti6Al4V and Co28Cr6Mo. Unlike IL3-coated cpTi [29] , IL-coated Ti6Al4V exhibited E corr values significantly lower than that of control Ti6Al4V. As seen in other studies analyzing films formed due to protein adsorption on cpTi and Co28Cr6Mo, a reduction in E corr can be attributed to incomplete coverage of the adsorbate on the surface [42, 43] . Similarly, the lower E corr observed for Ti6Al4V suggests that IL3 did not form a complete, compact film like IL3-coated cpTi in PBS [29] . This result can be attributed to structural and compositional differences between the oxide layers of cpTi and Ti6Al4V, with the latter presenting Al on its surface. Such differences could result in greater defects and discontinuities in the oxide layer. As a result, IL might have not adhered to the oxide layer in these regions, resulting in a porous IL film. In previous studies involving steel surfaces, monocationic imidazolium-based ILs were found to behave as mixedtype corrosion inhibitors (inhibiting both anodic and cathodic reactions) but primarily acted as cathodic inhibitors [44] [45] [46] and thus lowered E corr relative to control samples [47] . However, this effect would be temporary for IL1 and IL2 which eventually were entirely released. As for Co28Cr6Mo, the lack of significantly different E corr values indicated that any observed corrosion inhibition would primarily be mixed type. IL1 and IL2 exhibited a lower average R p in comparison to control while IL3 had a higher R p on both Ti6Al4V and Co28Cr6Mo (Fig. 3b) . However, these differences were much more pronounced for IL coatings on Ti6Al4V. Interestingly, the same trends that were observed for decreasing R p values correlated with the increasing corrosion rates (independently measured) on Ti6Al4V and Co28Cr6Mo, which is expected as R p and corrosion rates are inversely proportional according to the Stern-Geary equation. That is, for Ti6Al4V, IL3 had the lowest corrosion rate, followed by IL1/control and then IL2. Similarly, IL3 exhibited the lowest corrosion rate followed by IL2/control, and finally IL1 on Co28Cr6Mo. Moreover, IL2-coated Ti6Al4V exhibited a significantly higher (39) corrosion rate (p \ 0.05) in comparison to other Ti6Al4V specimens, including IL1 (Fig. 3c) . This result was interesting as the only difference between IL1 and IL2 is the number of carbon atoms in the alkyl spacer group (8 and 10, respectively). An increase in chain length has been shown to increase hydrophobic interactions between the alkyl chains of IL molecules [48] . Thus, a greater amount of the more hydrophobic IL2 was retained on the surface in PBS in comparison to IL1 after 1 h of immersion. However, this weak adsorption of IL2 on Ti6Al4V is hypothesized to have created local-action corrosion cells as regions covered by IL served as anodes, undergoing metal ion dissolution, while the uncovered portions served as cathodes, compensating for increased metal ion release.
Despite the anionic moiety of IL3 (phenylalanine) having relatively lower hydrophobicity in comparison to that of IL1 and IL2 (NTf 2 ), IL3 on average decreased corrosion rates for both Ti6Al4V and Co28Cr6Mo. In our recent study, it was shown that hydrogen bonds formed between the anionic moieties of IL1, IL2, and IL3 and the hydroxyl groups present on titanium oxide [30] (which are also present on Co28Cr6Mo [49] ). However, the interaction with the amine and carboxyl groups of IL3 was much stronger than the anionic moiety of IL1 [30] . Furthermore, recent studies have shown that imidazolium-based ILs which exhibit more hydrophilic character such as IL3 interact with hydroxyl groups functionalized on the surface of activated carbon [50, 51] . In contrast, it was found that the adsorption of more hydrophobic ILs like IL1 and IL2 is highly dependent on van der Waals interaction and is lowered in the presence of functional groups like surface hydroxyl groups [50] . Therefore, we hypothesized that hydrogen bonds promoted film formation of IL3 on Ti6Al4V and Co28Cr6Mo but was hindered for IL1 and IL2. Additionally, IL1 and IL3 were observed to significantly reduce the variance in corrosion rate in comparison to control and IL2-coated Ti6Al4V (p \ 0.05). Predictable corrosion rates are valuable when corrosion of metals like magnesium alloy is desirable for biodegradable applications [52, 53] .
Another often overlooked electrochemical parameter is the anodic Tafel constant, b a , (Table 2 ) which is used to derive i corr . As a property of electrochemical reaction kinetics occurring on a metal surface [54] , it is thus influenced by the surface conditions and can be used as a way to assess variability among the surface finishes of samples for given testing conditions. In this study, b a demonstrated that IL2-coated Ti6Al4V and IL3-coated Co28Cr6Mo were electrochemically distinct from other Ti6Al4V and Co28Cr6Mo specimens (p \ 0.01), respectively, which corroborates the electrochemical results previously discussed.
Corrosion behavior of IL-coated specimens was further quantified in terms of inhibition efficiency (IE). IE values for IL3-coated Ti6Al4V were similar in value (40.8 %) to those observed for cpTi (about 35 %) under identical corrosion testing conditions [29] , while IL3-coated Co28Cr6Mo actually exhibited a greater average IE value (51.4 %). According to Tanaka et al., Co28Cr6Mo contains higher concentrations of active surface hydroxyl groups than cpTi [49] and hence is expected to have a greater IE in comparison to Ti6Al4V. In contrast, the IE values of IL1 and IL2 coatings on Ti6Al4V and Co28Cr6Mo were near zero or even negative, confirming their poor performance as corrosion inhibitors for these surfaces despite the good protection afforded by their anionic moiety (NTf 2 ) on magnesium and carbon steel surfaces [22, 52] .
Although IL1 and IL2 did not form stable coatings for the conditions tested in this study, it is possible that this may be also due to testing at 37°C instead of at room temperature and using a relatively large fluid volume (5 mL), resulting in IL1 and IL2 coatings being completely solubilized in solution, as opposed to that (1 mL) used in our previous study [27] . Furthermore, as previously noted, IL1 and IL2 had to be coated at room temperature due to observed mixing with the insulation coating at 60°C. It is possible that IL1 and IL2 are still able to penetrate and mix with this insulation coating, allowing for an electrical path between the unpolished areas of specimens and electrolyte, which could result in the lower corrosion resistances observed in this study.
Currently, there are no commercial, biocompatible lubricants. Thus, IL-coated specimens undergoing tribological testing were only compared against those lubricated with PBS. Overall, IL-coated specimens clearly showed an improvement in wear performance as the wear scar sizes in general were significantly smaller in comparison to control samples that were only lubricated with PBS (Fig. 4) despite undergoing extreme contact pressures (about 100 MPa) which were at least an order of magnitude greater than those experienced at the hip and knee joints in vivo [55, 56] . Both IL1-and IL2-coated contacting Ti6Al4V-Ti6Al4V surfaces exhibited an immediate stable decrease in the COF shortly after tribological testing began that was maintained throughout testing, with the exception of a few spiking increases under 5 and 10 N axial applied loads (Fig. 5a, b) . As demonstrated in previous studies, the mechanism of IL lubricant activity is explained to be the result of the formation of an anti-wear film where anions and cations are adsorbed onto metallic surfaces in successive layers, resulting in boundary lubrication conditions [24, 57] . Furthermore, the presence of longer hydrophobic alkyl chains more effectively prevents direct contact between surface asperities, resulting in reduced wear [23, 25] . In contrast, IL3-coated Ti6Al4V specimens exhibited COF values that at times were even higher than that of the PBS-lubricated samples. However, once the two contacting surfaces became accustomed to sliding against each other (running-in period), IL3-coated Ti6Al4V exhibited COF values similar to those observed for IL1 and IL2. In comparison to IL1 and IL2, IL3 is relatively more viscous when handled and applied as a coating on specimen surfaces, which may have rendered it slower in terms of reducing the COF. However, for contacting Co28Cr6Mo-stainless steel, all ILs were excellent lubricants, resulting in sustained and significantly lower COF, even at 10 N of applied load, without any spiking increases as observed for Ti6Al4V. On the other hand, the COF of PBS-lubricated specimens increased when the axial load was increased from 5 to 10 N. On average, IL-coated specimens significantly reduced the COF relative to PBSlubricated specimens (Fig. 6 ) and subsequently had lower wear volume losses (Fig. 7) , with the exception of IL3-coated Ti6Al4V under 10 N of applied load. This may have been due to local depletion of IL3 which can be attributed to the heterogeneity of the IL coating (Fig. 1) . Despite coating heterogeneity, IL1-and IL2-coated specimens on average still had lower COF values and subsequently lower wear volume losses. Thus, it can be concluded that IL1 and IL2 were more efficient in protecting articulating Ti6Al4V and Co28Cr6Mo surfaces.
XPS is a technique that provides information regarding the identity and environment of the chemical constituents within the first few nanometers of a given surface and thus is a powerful technique for probing surface changes due to wear. In general, the chemical composition of the pristine control and wear scar regions on both Ti6Al4V and Co28Cr6Mo were the same. In particular, titanium was found to be present in its native oxide form (TiO 2 ) and in its hydrated form (Ti(OH) 4 ) on Ti6Al4V along with aluminum present as an oxide (Al 2 O 3 ), which is in accordance with other studies [36, 37] . Moreover, the O1s spectra further confirmed the presence of titanium oxide and hydroxide as both peak components were detected. On the other hand, vanadium oxide (primarily V 2 O 5 ) was not detected because it is preferentially located near the metaloxide interface and thus could only be detected after sputtering the surface to remove superficial layers and oxide [58] . Interestingly, for PBS-lubricated Ti6Al4V, the Ti2p peak was lower in intensity relative to the pristine control surface and wear scar regions of IL-coated specimens (Fig. 8a) . Correspondingly, the O1s peak components associated with TiO 2 and Ti(OH 4 ) were less intense than those associated with carbon contamination, resulting in an apparent shift of the overall O1s spectral peak to higher BE (Fig. 8b) . Another interesting feature observed is the appearance of a lower BE tail end in the Ti2p spectra, corresponding to lower titanium oxidation states (Ti 3? , Ti 2? , and Ti 0 ), that was most pronounced for the IL3-coated Ti6Al4V. As this specimen had undergone more wear, it may have had a thinner oxide layer relative to IL1-and IL2-coated Ti6Al4V. However, the relatively high intensity of the Ti2p spectra for control and wear scar regions of all IL-coated specimens demonstrate that an oxide layer similar in thickness to control was able to regrow after tribological testing. Overall, these results highlight the benefit of using ILs to protect Ti6Al4V-Ti6Al4V contacting surfaces such as between the interfaces of modular implant components where severe corrosion and wear damage have been observed to occur [59, 60] .
For Co28Cr6Mo specimens (Fig. 9 ), chromium and molybdenum were enriched in the outermost surface layer, primarily as chromium oxide (Cr 2 O 3 ) and molybdenum oxide (MoO 3 ), respectively, which is in agreement with previous works [4, 40, 41] . However, the oxide layer was thinner in comparison to that of Ti6Al4V as both chromium and molybdenum were also detected in their metallic states. In contrast to previous studies, cobalt was only detected in its metallic state and not as an oxide (CoO) [41] . Due to its relatively high solubility in comparison to other oxides [4] , cobalt oxide was probably removed from the surface during cleaning prior to tribological testing. Although this alloy composition is used primarily today due to its wear resistance, it can still undergo surface damage due to the synergistic effects of corrosion and wear (fretting corrosion and tribocorrosion) experienced in vivo [7, 8] . Thus, by employing ILs as lubricants, wear-assisted corrosion and damage to the native oxide layer may be mitigated.
The absence of elements like fluorine in IL1 and IL2 within the wear scar regions analyzed in a previous study for steel surfaces suggests that the chemical integrity of IL was maintained for the tribological testing conditions employed in this study [25] . The lack of IL decomposition and reactivity with Ti6Al4V and Co28Cr6Mo under loading conditions is not only beneficial for sustained lubrication but also is advantageous from a biocompatibility perspective. Although these ILs were shown to exhibit minimal cytotoxicity suggesting their safe use in vivo, the toxicity of their decomposition products may be drastically different and would therefore warrant further biocompatibility testing.
Although ILs exhibited excellent lubrication properties for the tribological testing conditions applied in this study, future testing needs to be performed to overcome some of the limitations of the present work. First, although ILs were shown to improve wear performance under dry testing conditions, testing needs to be performed under wet testing conditions for longer sliding distances evaluated in previous studies to better simulate the moist, fluid environment surrounding implant surfaces [23, 25] . That is, a wet environment can affect both the IL adsorption and lubricating activities. Furthermore, in vivo conditions such as 37°C and the presence of proteins and other chemical species have not been investigated in this study and can certainly influence how IL lubricates metallic surfaces. Finally, although electrochemical and tribological performance was characterized separately in this study for ease of characterization, corrosion and wear processes occur synergistically in vivo, leading to more severe damage to metallic surfaces.
Conclusion
In summary, three selected dicationic imidazolium-based ILs were characterized based on their ability to form stable coatings, decrease corrosion susceptibility, and improve the wear performance of Ti6Al4V and Co28Cr6Mo. IL3 (with phenylalanine as the anion) favorably interacted with the alloys' surfaces and performed well as a corrosion inhibitor but less optimal as a lubricant while the reverse trend was observed for IL1 and IL2 (with NTf 2 ). Despite the ability of ILs to form films with metal oxides, film formation does not guarantee corrosion inhibition if it is not stable. That is, IL chemical structure must be considered and fine-tuned relative to the coating substrate in order to improve corrosion and wear performance. Specifically, it is necessary to consider the functional groups of the IL constituent moieties and that of the substrate with which it will interact. Furthermore, this study demonstrates that the spacer groups in ILs can be critical in determining the degree of IL adsorption with increasing alkyl chain length resulting in higher IL hydrophobicity and hence influence its ability to inhibit corrosion.
